The nature of epistasis has important consequences for the evolutionary significance of sex and recombination. Recent efforts to find negative epistasis as source of negative linkage disequilibrium and associated long-term sex advantage have yielded little support. Sign epistasis, where the sign of the fitness effects of alleles varies across genetic backgrounds, is responsible for ruggedness of the fitness landscape with implications for the evolution of sex that have been largely unexplored. Here, we describe fitness landscapes for two sets of strains of the asexual fungus Aspergillus niger involving all combinations of five mutations. We find that ∼ 30% of the single-mutation fitness effects are positive despite their negative effect in the wild-type strain, and that several local fitness maxima and minima are present. We then compare adaptation of sexual and asexual populations on these empirical fitness landscapes using simulations. The results show a general disadvantage of sex on these rugged landscapes, caused by the break down by recombination of genotypes escaping from local peaks. Sex facilitates escape from a local peak only for some parameter values on one landscape, indicating its dependence on the landscape's topography. We discuss possible reasons for the discrepancy between our results and the reports of faster adaptation of sexual populations.
techniques recent studies have begun to tackle this problem, which found ample support for 
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Let the frequency of the genotype σ at generation t be denoted by f (σ; t). At first, the 143 population evolves deterministically in the order of selection, mutation, and recombination.
144
By selection and mutation, the frequency of the genotype σ at next generation will be
wherew(t) ≡ σ f (σ; t)w(σ) is the mean fitness of the population at generation t and 146 µ σσ ′ is the probability that the genotype σ ′ will be the genotype σ after mutation (if no 147 mutation occurs, σ = σ ′ ). In what follows, we use a mutation scheme such that
where δ σσ ′ is the Kronecker delta which takes the value 1 if σ = σ ′ and 0 otherwise, and Z σσ ′ is 1 if the Hamming distance between σ and σ ′ is 1 and 0 otherwise. This mutation 150 scheme implies that a genotype can mutate with probability U and each change occurs only 151 at one locus which is chosen at random on the sequence.
152
For the recombination scheme, we introduce W σ|σ ′ σ ′′ which is the conditional probability 153 that the resulting sequence is σ in case two sequences σ ′ and σ ′′ recombine. Although we 154 studied three different recombination schemes (free recombination, one site exchange, and W σ|σ ′ σ ′′ for other recombination schemes can be found in Appendix A.
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By free recombination is meant that the new genotype is formed by the random choice 159 of one of the alleles at each locus of two genotypes. For example, the possible recombinants 160 of two sequences 11101 and 10100 by free recombination (with probability r) are 10100,
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10101, 11100, and 11101, each of which has equal probability to contribute to the frequency 162 p(σ) in equation (4). The free recombination probability can be written as
where d (σ ′ , σ ′′ ) is the Hamming distance between two sequences in the argument and
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F σ|σ ′ σ ′′ is 1 if σ can be a recombinant of σ ′ and σ ′′ and 0 otherwise.
165
Then the frequency of each genotype, after selection, mutation, and recombination,
where σ ′ , σ ′′ signifies that the sum runs over all pairs of distinct haploid genotypes. The -10 -actual population at generation t + 1 is now formed by sampling N individual according to 169 the multinomial distribution with probability p(σ). Second, in total four maxima and three minima are identified in CS I and three maxima and 232 two minima in CS II, emphasizing the ruggedness of these landscapes (see figure 2c and 2d).
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To test whether these fitness maxima and minima differ from their mutational neighbors
234
(and are not part of a neutral fitness "plateau"), we performed one-sample one-tailed neutrality within these fitness landscapes by considering both sign and magnitude of the 257 fitness differences in our simulations.
258
We studied the adaptive dynamics of asexual populations for a wide range of parameter 259 values. In the strong selection-weak mutation (SSWM) limit (NU ln N ≪ 1 and Ns ≫ 1 260 with s denoting a typical selection coefficient) where clonal interference (Gerrish and Lenski -14 -approximated by an adaptive walk on the landscape. Here we will determine the probability 263 that the adaptive walker will arrive at one of the local maxima when it starts from the 264 quintuple mutant. To this end, we need to specify the probability that a walker located at 265 a sequence σ jumps to one of its mutational neighbors, which reads (Orr 2002)
Here π(σ ′ ; σ) is the fixation probability of genotype σ ′ introduced as a single copy into 
11111 → 11110 → 10110 → 00000 CS II.
Apart from the first step in (7), all intermediate genotypes appearing in these trajectories 295 are local fitness maxima. We find that the deterministic regime is reached in our landscapes 296 for population sizes exceeding N ∝ 1/U 2 (see below).
297
Between the SSWM and the deterministic regime lies the locally deterministic regime small, the time scale for the escape dynamics is well separated from the greedy walk phase.
307
For larger populations the escape dynamics becomes deterministic as well, taking the form 308 of an "adaptive flight" between local maxima, as illustrated in (6) and (7).
309
In the following, the intermediate regime will be referred to as the 'greedy walk' Given the adaptive constraints for asexuals, we ask whether sex and recombination can 319 be beneficial for adaptation on these landscapes. As a general first question, we ask whether 320 recombination among locally optimal genotypes is beneficial in the sense that it will either 321 create the globally most fit genotype (i.e. the wild-type), or a genotype that is part of the 322 basin of attraction of the global optimum. In CS I, three locally optimal genotypes exist, 323 but recombination among them cannot create the globally optimal wild-type (table 3) . would lead to a polymorphic population occupying several fitness maxima.
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In the following we therefore use simulations to ask whether and when sex provides 
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The infinite population dynamics on landscape CS I are slightly more complicated.
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When U ≥ 10 −1 , recombination is always deleterious, because a recombinational load (as 362 well as the mutation load) is observable, similar as for landscape CS II (fig. 4) . However,
363
when U ≤ 10 −3 , sex appears advantageous for some recombination rates, because the 364 time to arrive at the globally optimal genotype is shorter than for the asexual population, shown). We can therefore conclude that recombination is not advantageous on these 383 empirical landscapes for any population size when the mutation rate is high. to 10 −7 ), but the qualitative behavior is more or less the same as in figure 6 . Note, however,
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that this slight advantage of sex during the early stages of adaptation is insignificant for 394 long-term adaptation, which is governed by the time needed to escape from a local peak.
395
As expected from the infinite population dynamics, landscape CS I shows more complex 396 adaptive behavior also for finite populations ( fig. 7) found some conditions where sex and recombination could facilitate the population's escape.
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The fact that we only observed benefits of recombination for one landscape indicates that 464 the landscape's specific topography is involved in this benefit. Also, the escape benefit is only apparent when N and U are sufficiently high (see fig. 7 ), consistent with the 466 dependence of any advantage of recombination on a sufficiently polymorphic population.
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In a more general sense, the effect of recombination during the escape stage will depend 
483
How do we reconcile our finding of a general lack of sex benefit on rugged fitness sexual cycle, which affect the adaptive constraints experienced from fitness valleys.
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In conclusion, further progress in our understanding of the costs and benefits of recombination will increasingly depend on the combination of experimental studies of the ). As before, only 536 one of the pair will join the next generation. For the crossover, W σ|σ ′ σ ′′ takes the form
where d (although we omit the arguments) is the Hamming distance between σ ′ and σ ′′ , ℓ i 2 Neighbors are genotypes (strain numbers) that differ at a single locus.
3 "Max" and "Min" indicate the presence of local fitness maxima or minima, with the global maximum and minimum of each landscape underlined; significant fitness maxima and minima tested with 1-sample 1-tailed t-tests after sequential-Bonferroni correction indicated in bold face; * = P < 0.05, * * = P < 0.01, and * * * = P < 0.001. 1 Shown are the probabilities that the adaptive walker which starts at the sequence 11111 will visit one of the fitness maxima that are present (see table 1 ). The wild-type genotype (00000) represents the global maximum in both landscapes, the other are local maxima. 
